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Periodic Pulsing of Characteristic Microearthquakes on the San Andreas Fault
Robert M. Nadeau* and Thomas V. McEvilly
Deep fault slip information from characteristically repeating microearthquakes reveals previously unrecognized patterns of extensive, largeamplitude, long-duration, quasiperiodic repetition of aseismic events along much of a 175-kilometer segment of the central San Andreas fault. Pulsing occurs both in conjunction with and independent of transient slip from larger earthquakes. It extends to depths of ϳ10 to 11 kilometers but may be deeper, and it may be related to similar phenomena occurring in subduction zones. Over much of the study area, pulse onset periods also show a higher probability of larger earthquakes, which may provide useful information for earthquake forecasting.
Aseismic fault slip along the transform platebounding San Andreas fault (SAF) in central California is commonly assumed to occur at a relatively constant rate modulated by localized slip transients induced by moderate and large earthquakes (1) . Studies of large-scale, timedependent deep fault slip along this stretch of fault have been limited, however, by the distribution and frequency of deformation measurements and by the fundamental trade-offs and assumptions required to infer deep slip from measurements of surface motion (2-9). We studied time-dependent deep fault slip within the seismogenic zone (i.e., the brittle upper crust where earthquakes occur) along 175 km of the central creeping section of the SAF (Fig. 1 ) over a 16-year period beginning in 1984, using the seismic moments and recurrence intervals from 2594 characteristically repeating microearthquakes. Characteristic microearthquakes have special properties (10) , allowing a relation between their seismic moments (M 0 ) and the surrounding aseismic fault slip (d i ) that loads their rupture patches to failure during the recurrence interval preceding each event (10) .
Once parameters ␣ and ␤ are determined (10), Eq. 1 can then be used to infer the history of deep slip rates on fault segments that contain characteristic microearthquakes (10) (fig. S2) . A profile of long-term deep slip rates for the 175-km study zone was derived from the characteristic microearthquake data (10) , and the distribution of these rates is generally consistent with long-term geodetic rates in the study zone (1, 2, 5-7) ( Fig.  2A) . A profile of short-term slip-rate histories for the study zone was also constructed (10) (Fig. 2B) . Common short-term features between the microearthquake slip and geodetic rates (5) are also apparent; however, their general consistency is lower than it is for the long-term rates. For example, the patterns of strong, quasiperiodically recurring slip-rate pulses seen in the microearthquake slip data are only vaguely apparent in the fault-creep data (10) (Fig.   2C ). Characteristic microearthquake slip and seismicity rates (10) along the study zone also correlate somewhat (Fig. 2C) , although differences associated with aftershocks and earthquake swarms are often observed.
Six regions with distinct patterns of complexity and slip-rate evolution can be identified in the study zone (Figs. 1 and 2). In regions IV and V, fault structure is relatively simple and few large earthquakes [magnitude (M) Ͼ 3.5] occurred during the study period. Slip-rate histories in these regions are dominated by previously unrecognized quasiperiodic pulses having relatively constant peak amplitudes, rate variations of 100% or more, and cycle durations of about 3.0 and 1.7 years, respectively (Fig. 2C , segments c and d). These pulsing patterns are not directly associated with the occurrence of any nearby large earthquakes. Analyses of the data using subsets in depth show that the pulsing patterns are similar throughout the depth range of the data, and this is a common feature of the slip patterns throughout the study zone.
The relatively abrupt transition between the pulsing patterns in regions IV and V is not associated with any obvious seismogenic zone complexities, and the pulsing between these regions is not correlated ( fig.  S4 ). This suggests that their pulsing is not driven by coherent large-scale phenomena such as gravitational tides or pulsed loading by the adjacent tectonic plates. It also suggests that the mechanisms responsible for their pulsing are relatively independent of one another. The confinement of these mechanisms to the approximate fault zone can also be inferred because broadly distributed mechanisms would probably result in more diffuse transition zones between adjacent pulsing regions.
In region VI, the SAF changes from freely creeping to fully locked behavior and spans a locked patch of fault that has ruptured repeatedly in several M6 earthquakes at Parkfield (11 (3, 4, 6, 8, 12) . However, evidence for quasiperiodic pulsing is weak (Fig. 2, B and C, segment e), which suggests that either no quasiperiodic source acts on the region or that shielding effects associated with the M6 locked zone are substantially modifying a quasiperiodic signal.
The 1989 M7.1 Loma Prieta earthquake (2) occurred to the immediate northwest of region I. The slip-rate history of this region correlates with this event, exhibiting precursory quiescence and a sharp increase and general exponential decay following Loma Prieta (Fig. 2C, segments a and b) . The precursory and afterslip signals in region I are also modulated with quasiperiodic pulses of varying peak amplitude. The large variation in peak amplitudes, however, shows little correlation to the time intervals between pulses, suggesting that al- (10) . Triangles are locations and long-term rates from creepmeter data for the same period (5, 10) . Green triangles indicate creepmeters used for the short-term rate histories in (C). Regions I through VI correspond to those in Fig. 1. (B) Profile of short-term rates given in percent difference from the long-term rates (10) . Color intensities are 95% confidence bounds (10) . Vertical black line is time of the magnitude 7.1 Loma Prieta (LP) event. Open black circles are times and relative sizes of earthquakes on the SAF strand of magnitude Ͼ 3.5. Vertical gray bars in regions I and II (in late 1992, early 1996, and mid-1998 at ϳ137, 143, and 128 km northwest, respectively) are approximate locations, rupture lengths, and times of three shallow silent earthquakes (22, 23) . (13) and a swarm of more than 500 small events occurring in 1988 at ϳ90 km northwest (Fig. 1, white star) .
though pulse amplitudes may be strongly affected by stress changes associated with Loma Prieta, pulse periods are not. The amplitude variations also suggest that locked-zone shielding effects before Loma Prieta suppressed rates and rate pulsing to distances extending well beyond the rupture zone of the mainshock and that after the mainshock the shielding effects were greatly reduced.
The timing of the pulses in region I also correlate with the timing of the more constant amplitude pulses in region IV [i.e. P1-P5 (Fig. 2C) ], some 60 km to the southeast (Fig.  2 and fig. S4 ). This suggests a mechanism whereby an extensive pulsing source imposed a common signal on both regions I and IV and that in region I its pulse amplitudes were modulated by shielding effects associated with Loma Prieta.
If such a source exists, it should also impose a common pulse signal on intervening regions II and III. There is little evidence for this in the rate histories of region II. However, region II also contains a compressional fault jog and the epicenter of the 1998 M5.4 San Juan Bautista mainshock (13) (Fig. 1) . The slip-rate pattern in this region suggests that before the M5.4, shielding effects associated with the M5.4 almost completely suppressed pulsing in the region and that after the event, reduced shielding and the release of accumulated strain on the M5.4 locked zone may have resulted in the large P5 timed slip pulse that is observed. The occurrence times of the M5.4 and P5 timed pulse in region II also correlate with the P5 timed pulses in regions I, III, and IV. This may be coincidental, but it also suggests the possible triggering of the M5.4 and slip pulse by an extensive P5 timed pulse common to the four regions.
There is evidence for an extensive common pulsing source in the slip pattern of region III. Excluding the 1992 through 1995 period, the timing of pulses in region III correlates well with those in regions I and IV and with the P5 timed pulse in region II (Fig. 2B and fig. S4C ). However, during the 1992 through 1995 period the correlation in pulse timing is weak. The fault structure in region III is relatively complex, primarily because of the proximity of the SAF to the Calaveras and Paicines-San Benito fault systems, which in this region are subparallel, separated by ϳ5 km or less, and which share approximately equal proportions of the relative plate motion in this area (1, 7) (Fig. 1) . It is conceivable, therefore, that intermittent near-field interaction between the San Andreas and Calaveras-Paicines-San Benito fault systems disrupted the common pulse "signal" in region III during the 1992 through 1995 period.
However, this scenario would require the common-source "mechanism" to be relatively insensitive to the fault-interaction effects in region III, in order to explain the coherently timed pulse "signal" during the 1992 through 1995 interval in regions I and IV. If the depth extent of the region III fault-interaction zone is comparable to its along-fault extent (i.e., ϳ20 km) and if the common source region exists in the fault zone below this depth, then it is reasonable to expect its source mechanism to be relatively insensitive to the fault interaction. It is also reasonable to expect that the common source mechanism would be relatively insensitive to other processes of similar or smaller dimension occurring in the seismogenic zone (e.g., shielding effects from the Loma Prieta and M5.4 earthquakes).
Deep and extensive aseismic fault-slip events sharing many of the characteristics of the SAF pulsing have been observed in the subseismogenic zone along the convergent plate boundary in the Cascadia region of North America (14, 15) . Similar aseismic events have also been reported along Japan's convergent boundary (16) (17) (18) . In some cases, these aseismic events recur quasiperiodically (15) and with event durations of many months (16) (17) (18) . They also generally occur at depths between 20 and 50 km and involve the release of aseismic moments that are comparable to those one might reasonably infer for the SAF pulses (ϳ6 to 6.5 M w ).
Recent observational evidence from Cascadia also suggests that these slip events occur where faults deform ductily in zones that are several kilometers thick and that contain substantial fluid-filled porosity (19) . Numerical and theoretical modeling results (18, 20, 21) also indicate that these events occur within a transition zone between stable and unstable frictional sliding, and that they may just be larger versions of episodic creep events and silent earthquakes (22, 23) that originate under similar stability conditions in the shallow crust.
A relation between the occurrence rate of M Ͼ 3.5 earthquakes in regions I through III and the timing of the coherent slip pulses in regions I through IV is also apparent (supporting online text) (Fig. 2B,  top) . During the study period, the occurrence rate of M Ͼ 3.5 events during pulse onset periods is 6 to 7 times as much as the rate observed during non-onset periods (supporting online text). This suggests that loading by the extensive pulse signals may be triggering much of the M Ͼ 3.5 activity or that M Ͼ 3.5 earthquakes occur quasiperiodically as a result of some other mechanism and that their seismic slips help to drive the aseismic slip pulses. Regardless, the regularity of the quasiperiodic recurrence of clusters of M Ͼ 3.5 earthquakes and their association with extensive pulse timing has the potential to help refine earthquake forecasts (24, 25) in this area on time scales comparable to the average pulsecycle duration.
